Abstract: Lifetime estimation of implanted electronics in hermetic packages requires the prediction of the humidity induced lifetime. Classical approaches are limited in applications where miniaturized packages and a buffered humidity at low values are being utilized. An approach to overcome these limitations is described and investigations on suitable materials and measurement setups are presented. The findings support the usability of a Zeolite-silicone based desiccant system as a dielectric for a new type of online sensor. The future exploitation of this new sensing principle can allow the monitoring and prediction of humidity conditions inside of highly reliable miniaturized hermetic implantable packages.
Introduction
For the treatment of many diverse diseases and malfunctions of the human body electrically active medical devices are being implanted (e.g. cardiac pacemakers, cochlear implants). Protecting the implanted electric components and systems from body fluids is one of the most critical demands being made on the implant-design. Therefore, it is common to package the cleaned and dried electronics in a housing that is as little permeable to water-molecules as possible. A volume concentration of < 5000 ppm of free water vapor (relative humidity at 37°C: rH < 8.1%) inside the package is often defined to be a safe area to operate for such a hermetic package. Consequently, the time it takes to reach this limit can be considered the humidity induced lifetime (HIL) of the device.
In order to assess the HIL of a hermetic package two methods are commonly being utilized: Firstly, calculating the water vapor transmission rate based on the leak rate measurement of a tracer gas (helium) [1] and secondly, electrically measuring the humidity inside of the package during the whole duration of application of the device by a built in humidity sensor [2] .
New challenges arise when applications of active implantable medical devices include miniaturized hermetic chip-scale packages [3] : First of all, the HIL of packages with such small internal volumes cannot be estimated anymore by executing standard leak rate measurements of tracer gasses [1] . A second challenge arises if these packages contain a desiccant that can buffer the humidity at low values until the desiccant reaches complete saturation. In this case the HIL is not observable by the increase in the water vapor concentration in the free encapsulated volume [2] , but in the saturation state of the desiccant. Consequently, the authors propose that it is advantageous to evaluate the HIL of a miniaturized hermetic package by electrically measuring the saturation behavior of an applied desiccant.
In this work promising desiccant systems are investigated by a customized characterization setup that provides controllable atmospheres in the low humidity region. Results of the dehydration and absorption behavior of the proposed desiccant systems will be presented and conclusions about the usability of the materials for further electrical investigations will be drawn.
Material and methods

Desiccant based dielectric material
In order to combine the advantages of buffering the humidity levels in hermetic implantable miniaturized packages at low values as well as monitoring the humidity conditions inside the package, the desiccant should, among other things, fulfill the following properties: -high water absorption capacity at low humidity values, -no excessive swelling during water absorption, -sufficient adhesion to various substrates, -offering a dehydration mechanism during the sealing of the hermetic package, -change of the electrical properties (the measurable impedance) with the amount of absorbed water, -no release of toxic agents in case of a package failure.
Studies comparing physical desiccants like clay, silica gel and Zeolite show that the latter is capable of buffering the relative humidity at values lower than 10% [2] . Therefore, a FINMA-SORB 430 Zeolite (potassium based Linde Typ A configuration) powder was investigated as the main water binding component of the dielectric desiccant system. To distribute and localize the desiccant system on future electrical sensory parts in the likes of interdigitated or sandwiched electrodes, the powder has to get incorporated into a suitable binder system. Two different binder systems were evaluated: an ESL 4026-A borosilicate based screen-printing paste and NuSil Med1000 medical grade silicone rubber.
In case of ESL 4026-A, the Zeolite got firstly mixed with the paste and a suitable thinner (ESL 413) and subsequently stencil printed on substrates. Finally, the mixture has been fired with different temperature profiles at various peak temperatures ranging from 720°C to 820°C.
While mixing the Zeolite with silicone (Med1000) a suitable thinner (n-Heptane) was used to allow a homogenous incorporation of the powder in the polymeric suspension. Under stirring the solvent evaporated and the polymer vulcanized. During a timeframe of some minutes the rheology allowed the application of the desiccant system on substrates via stencil printing.
Characterization system for desiccant performance
The activation of the desiccant systems took place in a standard laboratory oven at elevated temperatures and standard atmospheric pressure with a constant nitrogen flow into the heated chamber. The gravimetric measurements of the samples took place on a Sartorius TE64 precision scale that was located next to the dehydration-oven. For all presented gravimetric measurements, the mass of the (hydrated) desiccant systems was at least 15 mg on ceramic Al 2 O 3 substrates (area: 25.8 cm 2 ).
The characterization of the water-vapor absorption process of the desiccant systems requires the control of temperature (set-point: 37°C) and relative humidity in a measurement volume, i.e. a climatic chamber that can incorporate the mentioned precision scale and an E+E Elektronik EE23 humidity and temperature reference sensor. In order to have thorough control of the humidity inside this chamber a dedicated quadratic aluminum chamber with an inner volume of 125 l, a total of 24 electrical and two gas feed-throughs and a sealable loading hatch was built up.
After confirming a sufficient tightness against watervapor diffusion from the laboratory atmosphere into the sealed chamber a high precision gas delivery system [4] was connected. That system provided a constant gas-flow of 1 l/min into the chamber. The gas-flow consisted of a programmable mixture of dry nitrogen and nitrogen bubbled through a temperature controlled water bath with a reported precision of the gas-ratios of 0.3% Abs [4] . This enables the control of the humidity inside of the chamber at discrete values as low as 2 rH%.
The precision scale did not show any response to increased relative humidity or to increased temperature. However, a drift of 0.02 mg/h has been observed in reference measurement and is therefore subtracted in transient observations.
Temperature control was realized via a custom built 180 W DC heater featuring constant air circulation inside of the box. The PID based closed loop control-line provided a measured accuracy of ± 0.2°C, measured shortterm overshoots at new temperature steps of + 0.5°C and a summed measurement accuracy of ± 2.1°C. These values and a heating speed of 0.9°C/min were determined from 28°C to 40°C.
Results
Deactivating the desiccant systems
All investigated boro-silicate based desiccant systems did not lose more than 2% wt through drying at temperatures of up to 200°C. Therefore, all subsequent results only contain data from Zeolite-silicone desiccant systems.
In order to determine the ideal drying temperatures for silicone-based desiccant systems the temperature inside the nitrogen-infused oven has been increased in three steps from 80°C to 100°C and 150°C. Furthermore, an experiment with drying at up to 23 h at 200°C has been conducted. In this experimental series the weight loss increased with each increase of the temperature (circles, Figure 1 ).
However, after more than 20 h at 200°C, a decrease in weight loss was observable (red circles, Figure 1 ). Control groups of pure silicone at these temperatures showed a weight loss of < 2%wt, while pure Zeolite powder showed an increase in weight after losing more than 17%wt after 17.6 h drying at 150°C (squares, Figure 1 ).
Comparing Zeolite/silicone ratios
The mentioned use of a thinner allowed it to mix and apply silicone-based desiccant systems with weight ratios of hydrated Zeolite/silicone of 3. desiccant systems as the highest (more than 18%) with pastes containing a percentage of the Zeolite of 60-70% wt ( Figure 2 ).
All mixing ratios of the silicone-based desiccant systems did withstand simple scratching tests on Al 2 O 3 substrates. There is no indication that the extensively reported adhesion-properties of silicone to ceramic and silicon surfaces are being completely compromised even with high mixing ratios of Zeolite in silicone (up to 78% wt ).
Transient absorption behavior of a Zeolite-silicone desiccant system
To determine the absorption performance at discrete low humidity steps over time the dehydrated silicone-based desiccant system was taken out of the drying oven and placed onto the precision scale. After flooding the chamber with dried nitrogen, the described gas delivery system realized a relative humidity of < 2 rH% for 20 h, followed by an atmosphere of < 4% for 20 h and a further increase in humidity for another 7.5 h (Figure 3 ). It can be observed that during the whole experiment the absorption of the Zeolite-silicone desiccant system increases with time. The measurements also show an initial increase in weight of the desiccant system at the two humidity steps (Figure 3) . After a total of 47 h at a relative humidity below 11 rH% the dried desiccant system increased its weight from 86% wt to more than 93% wt . 
Discussion
Embedding Zeolite powder in silicone enables the combination of the drying capabilities of the desiccant with the adhesion properties of the polymer. Mixing ratios can be as high as 78% wt of desiccant and achieve an absorption capacity of up to 18% wt . However, the combination of Zeolite with boro-silicate based screen-printing paste did not result in absorption capacities that are described by commercial manufacturers of such a desiccant system (i.e. DuPont European Patent No. 1533026B1).
The Zeolite-silicone desiccant system can best be dehydrated under nitrogen atmosphere at elevated temperatures of up to 150°C. These temperatures enable the activation of the desiccant system during a standard sealing procedure of hermetic packages. It can be expected that the vacuum atmosphere in standard sealing procedures [1] will support the dehydration of the desiccant system.
The investigation of the humidity and time dependent absorption characteristics of Zeolite-based desiccants demand an utmost control of the humidity below 15% rH. This was enabled by combining new control parameters for a highly precise gas delivery system and a custom built air-tight measurement volume. This setup provides a valuable measurement platform for additional gravimetric and future electric characterizations of the desiccant system.
It was shown that the developed Zeolite-silicone desiccant can deliver high absorption capacity at very low relative humidity. This proves that the Zeolite-silicone desiccant system is promising for buffering the humidity inside a hermetic package at very low humidity. The conclusion can be drawn that a comprehensive model of the absorption characteristics of a Zeolite based desiccant has to feature a time and a humidity dependency. A temperature dependency can be expected but is not investigated here because no high temperature changes are to be expected inside of the human body.
Conclusion
Increasing the HIL of a hermetic package with a desiccant that buffers an atmosphere at low humidity comes with the cost of hindering a moisture surveillance with commercially available humidity sensors. Furthermore, the prediction of the HIL with tracer gas leak tests limits the minimal encapsulated volume that can be evaluated.
This work evaluated Zeolite based desiccant systems that can be used as dielectrics in a sensor system to electrically monitor the absorption state of the desiccant. This proposed principle can potentially overcome the mentioned limitations of existing technology to monitor and predict the HIL.
The conducted investigations on the Zeolite-silicone desiccant systems showed no violation of the proposed prerequisites for a use as a desiccant-based dielectric for humidity monitoring in miniaturized hermetic implantable packages. Additionally, the observed dehydration and absorption characteristics and mechanical properties of Zeolite-silicone desiccant pastes motivate further investigations of this system for a future use in proposed electrical sensor systems.
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